When growing cultures of light-grown Euglena graciis Z are exposed to slightly elevated temperatures (33°C) there is a time-dependent decrease in chlorophyll (bleaching) and a gradual transformation of chloroplasts into rudimentary plastids. A study was undertaken whose primary objective was to document major changes in polypeptide composition in the stroma and in thylakoids of cells that have been exposed to the bleaching temperature for up to 57 hours. A novel polypeptide of about 60,000 to 63,000 Mr whose function is presently unknown, accumulates in the stroma and in thylakoids in response to growth at the bleaching temperature. The levels of the large and small subunit of ribuolosebisphosphate carboxylase, on the other hand, decrease to very low levels at about 33 hours and remain very low for the duration of the temperature treatment. Of two polypeptides associated with the light-harvesting chlorophyll-protein complex of photosystem II (28,000 and 24,500 Mr) only the level of the smaller polypeptide decreases at the elevated temperature. The levels of 28,000 M, species remain virtually unchanged throughout the temperature treatment period. Changes in chloroplast polypeptide composition were also studied in ceUs that were allowed to recover at room temperature from an initial treatment at 33°C. Bleaching Euglena could provide a useful tool for studying the interaction between the nucleus and chloroplast genetic system that govern the development and maintenance of this vital organelle to plants.
28,000 M, species remain virtually unchanged throughout the temperature treatment period. Changes in chloroplast polypeptide composition were also studied in ceUs that were allowed to recover at room temperature from an initial treatment at 33°C. Bleaching Euglena could provide a useful tool for studying the interaction between the nucleus and chloroplast genetic system that govern the development and maintenance of this vital organelle to plants.
Chloroplasts contain their own DNA and the transcription and translation machinery to synthesize the limited number of proteins encoded in the organelle genome (11) . The rest of the chloroplast proteins are encoded in the nucleus, translated in the cytoplasm, and imported by the organelle for integration and assembly into the appropriate structural/functional compartment of the chloroplast. Clearly, the development and maintenance of chloroplasts is the result of an intricate interplay between the chloroplast genetic system and the nucleocytoplasmic compartment. Elucidating the molecular basis of this interaction is one of the most fascinating subjects in the field of plant molecular biology.
Euglena gracilis provides a convenient system in which to study the nature of the interaction between the nuclear and chloroplast genomes because the alga exhibits a temperature-dependent transformation of chloroplast into rudimentary plastids. When growing cultures of light-grown Euglena are exposed to temperatures of 32 to 34°C there is a time-dependent decrease in the amount of Chl per cell that ultimately leads to the production of irreversibly bleached cultures (26) . Interest in this phenomenon, also known as heat-bleaching, dates to the 1950s and was found particularly useful in the generation of colorless strains of Euglena (27) . In addition to temperature, ultraviolet light and streptomycin have been used as bleaching agents.
Heat bleaching in Euglena appears to target the chloroplast almost exclusively since bleached cultures of Euglena can be maintained in growth media containing a suitable source of organic carbon (27) . In our view, this observation suggests that cellular functions, other than those directly related to the chloroplast, appear to be unaffected by the shift in temperature since heterotrophic growth of the cells remains unimpaired.
It was proposed that growth at the nonpermissive temperature resulted in the irreversible loss of chloroplasts brought on by the loss of chloroplast DNA. This notion was supported by reports that showed that irreversibly bleached cultures of Euglena lacked the band associated with chloroplast DNA on cesium chloride gradients (10) . Recent evidence would argue, however, that rudimentary plastids may still be present in bleached cultures of the alga. (a) Proplastid-like remnants have been observed in electron micrographs of bleached strains of Euglena. The presence of stroma and prolamellar bodies, including rudimentary thylakoids, has been reported in illuminated cultures of bleached Euglena (25) . A thorough electron micrograph reconstruction of the plastid remnant in a UV-induced bleached strain of E. gracilis var bacillaris (W3BUL) was published recently from thin serial sections (24) . (b) Sulfolipid, a marker lipid of thylakoids, is present in W3BUL (4) . (c) More recently, with the availability of new and sensitive techniques of molecular biology, it was possible to detect chloroplast DNA in a number of bleached strains of Euglena (13) . Overall, the evidence suggests that there has been an actual transformation of chloroplasts into rudimentary plastids and not a complete loss of the organelle as originally thought.
Little is known about the molecular events that underlie heat bleaching. We wish to study this phenomenon because it provides an attractive tool to study the contribution of the nucleocytoplasmic and chloroplast genetic compartments to the changes occurring in the chloroplast as the transformation unfolds. This study was undertaken with the primary purpose of documenting major changes in polypeptide composition in chloroplasts during the early phases of the temperature-induced response in Euglena and in cells that have been allowed to recover from an initial treatment at the nonpermissive temperature. Polypeptides of the stroma and thylakoids were analyzed separately on SDS-polyacrylamide gels.
MATERIALS AND METHODS
Cell Growth Conditions. Euglena gracilis Z was grown photoheterotrophically in Hutner's modified medium (22) The basic procedure for the subfractionation of chloroplast into stroma, thylakoids, and envelopes was described by Douce and Joyard (9) . Chloroplasts were lysed in 4 mM MgCl2, 10 mM Tricine-NaOH, pH 7.6 buffer and subfractionated on a two-step sucrose gradient consisting of 0.6 M and 0.93 M sucrose in 4 mM MgCl2, 10 mM Tricine-NaOH, pH 7 (6) . The green band corresponding to the LHCPII was excised from the slab gel and homogenized to a fine paste in ice cold 50 mM Tris-HCl, pH 8 buffer containing 1 mm PMSF. The suspension was centrifuged at 3000g for 5 min and the clear green supernatant was concentrated to a small volume using a Centricon-10 miniconcentrator (Amicon, Danvers, MA).
Immunoblotting. Gels were electroblotted onto nitrocellulose paper at 60 V/0.21 amp for 5 h using 25 (Fig. 1B) . The amount of Chl per 107 cells was determined for cultures maintained in the light at 33°C for the indicated times. It is observed that depending on the age of the inoculum the time-course of bleaching in Euglena display different responses. The time-dependent loss of Chl in cultures established with old cells is rapid (Fig. 1A) and approximately 50% of the initial Chl content on a cell basis is lost in the initial 24 h period.
A different response is observed, however, in cultures established with young cells (Fig. 1B) while exploiting available substrates in the medium. At the same time, the cells afford some measure of chloroplast dedifferentiation in fresh media. Indeed, it has been reported that organic substrates inhibit chloroplast development in Euglena (12, 21) . We have also observed that fresh photoheterotrophic cultures established with old cells show a rapid decrease in Chl content on a cell basis over the course of 24 to 36 h at room temperature. Fresh cultures established with young cells, on the other hand, show only a small decrease in Chl content over the same period of time (data not shown). Based on our experience, the initial decline in Chl content at 33°C observed with fresh cultures established with old cells could be attributed to a switch in the nutritional regime of the cells and should not be considered a strict manifestation of the effect of temperature on chloroplast development. Since the effects of temperature and organic substrates appear to overlap in cultures established with old cells, we have turned to young cells as inoculum for our bleaching and recovery experiments. Thus, it appears that the effect of temperature in Euglena chloroplasts may involve at least two phases:
(a) an initial response characterized by an increased accumulation of Chl per cell which is followed by (b) the actual process of chloroplast transformation characterized by decreasing Chl levels on a cell basis. The recovery response of cells transferred to room temperature following an initial treatment at 33°C was also studied (Fig.  2 ). Recovery was defined as the ability of the cells to regreen after a 7 d recovery period at room temperature. Our results are in agreement with previous reports which indicate that bleaching appears to be completely reversible provided that cultures are not exposed for more than 4 generations to the nonpermissive temperature (19, 29) . eatments which exceed four generations (about 40 h in Fig. 2 ) re lted in incomplete regreening.
Effect of Temperature on olypeptides of Stronta. Our primary goal is to document the changes in polypeptide composition that occur in the thylakoid and stroma compartments of the chloroplast during the early phases of the temperature-induced response. Growing cultures of Euglena were exposed to 33°C for predetermined amounts of time. Plastids were isolated on Percoll gradients and immediately subfractionated into envelopes, stroma and thylakoids on sucrose step gradients. Finally, equal amounts of protein from each fraction were analyzed on SDS-polyacrylamide gradient gels. The study was not extended to the envelopes because of low yields of this fraction. Instead, it concentrated on changes taking place in the,stroma and in thylakoids. For the most part, our discussion will only consider changes associated with major polypeptides of the stroma and thylakoids since conclusions regarding minor polypeptides are harder to evaluate. Figure 3 presents the changes in polypeptide composition of the,stroma when Euglena cells are grown in the light at 33°C.
One of the major changes associated with this fraction is a sharp decrease in the level of the large subunit (LSU) of ribulosebisphosphate carboxylase detected 33 h after the onset of the temperature treatment (lane 3). The level of this polypeptide remains low for the remainder of the treatment period. Similarly, the level of the small subunit (SSU) of ribulosebisphosphate carboxylase decreases at 33 h and remains virtually undetected for the remainder of the treatment period. It should be remembered that by 33 h the Chl content per cell had already decreased from its peak at 15 h and had fallen below the levels of control cells (Fig. 1 ). Vierling and Key (30) have shown that the synthesis of LSU and SSU in soybean is sensitive to temperature. Synthesis was observed to decline slightly after a 2 h treatment at 33°C while maximum inhibition of synthesis was observed at 39 to 40°C. Although the amount of ribulosebisphosphate carboxylase in Euglena is reduced following a prolonged treatment at the nonpermissive temperature, the level at which this inhibition is being exerted (transcriptional, translational, or post-translational), however, cannot be addressed with the available data and must await further experimentation. A reduction in the levels of chloroplast proteins during bleaching was to be expected. The chloroplast, after all, is being gradually transformed into a rudimentary plastid. Nevertheless, finding that a polypeptide of 63,000 M, accumulated in the stroma of temperature-treated Euglena cells was unexpected (Fig. 3) . The polypeptide is either present at very low levels or absent in stroma from control chloroplasts (lane 1). Unlike Euglena, major polypeptides of 21,000 and 27,000 Mr have been reported in the stroma of heat-shocked soybean, corn, and peas (31) . The appearance of the 63,000 M, polypeptide in Euglena precedes by at least 9 h the decrease in the levels of LSU and SSU. It is tempting to speculate that the accumulation of the 63,000 Mr polypeptide might be related to the transformation of chloroplasts in Euglena at the nonpermissive temperature. Any attempt to correlate the two events, however, appears premature at the moment. 1 Figure 4A . A most striking observation is the fact that the polypeptide of 25,500 M, associated with the LHCPII in control cells (lane 2) appears to have changed its migration behavior on gels to a slower migrating species of about 26,500 M, at the bleaching temperature. This apparent change in migration is first detected 33 h after the onset of the temperature treatment (lane 5) and persists for the duration of the treatment. The 28,000 M, polypeptide which is also associated with the LHCPII does not show an appreciable change in migration behavior and accumulates to levels comparable to those of the control for the duration of the treatment.
The apparent shift in migration of the 25,500 Mr polypeptide to a 26,500 Mr species is of interest because it raises the possibility that the 26,500/25,500 Mr pair could involve a precursor-product relationship. We reasoned that the accumulation of the 26.500 Mr species could result from a failure in the complete processing of imported polypeptides on prolonged incubation at the nonpermissive temperature. The reason for this apparent change in mobility, however, remained unclear until the fractions were run on gels from which 2 M urea was omitted (Fig. 4B) . It 25 ,500 Mr in urea gels 33 h after the onset of the temperature regime was more apparent than real and can now be explained by the loss of one of two comigrating species. Therefore, our initial contention that the shift in migration could be the result of a failure in the processing of the precursor of the LHCPII apoprotein precursor proved to be incorrect.
The identity of the 28,000, 26,000, and 24.500 Mr polypeptides in gels from which urea was omitted was established by preparing LHCPII on nondenaturing gels (6) followed by SDS-PAGE under denaturing conditions (Fig. 4B) . Lane (14) . Although the discussion has been concerned mainly with major changes in polypeptide composition, we wish to point out a series of six relatively minor polypeptides in the 30,000 to 40,000 Mr range that also accumulate at the bleaching temperature (Fig.  4A) . The polypeptides are particularly evident at 33, 41, and 48 h after the onset of the temperature treatment (lanes 5, 6, and 7, respectively).
Polypeptides of Stroma following Recovery Period at Room
Temperature. One of the interesting features of the temperatureinduced response in Euglena is that it appears to be reversible provided that the exposure to the nonpermissive temperature does not exceed four generations (about 40 h, Fig. 2 ). Recovery was measured as the capacity of cells to regreen following transfer to room temperature. In this experiment we sought to explore whether recovery at the protein level was truly as complete as the regreening experiments appear to suggest. We reasoned that major changes in polypeptide composition associated with the temperature treatment would be reversed during the period of regreening at room temperature. Thus, it was expected that the polypeptide composition of chloroplast from cells allowed to recover for 7 d would be similar to that of control chloroplasts.
To test for recovery at the protein level, cells were grown at 33°C for 0, 33, 41, 45, 48, and 57 h. An aliquot of the cells was transferred to fresh media at the end of the incubation period and cells were allowed to recover for 7 d at room temperature. Plastids were isolated from these cells, subfractionated on sucrose step gradients, and the polypeptide composition of stroma and thylakoids analyzed by SDS-PAGE. Figure 6 is a profile of polypeptides of the stroma from cells that were allowed to recover at room temperature for 7 d. At the end of the recovery period, cells were harvested, plastids isolated on isoosmotic gradients of Percoll and subfractionated into stroma, thylakoids and envelopes. The stroma fraction from the various temperature regimes was analyzed on 2 M urea-SDS-polyacrylamide gels. Lane (Fig. 7A) . Although these polypeptides persist despite a 7 d recovery period, it is possible that longer recovery times would have resulted in the depletion of these polypeptide from thylakoids. For example, cultures treated at 33°C for 33 h, in particular, could have resulted in still lower levels of these polypeptides if the recovery period had been prolonged beyond 7 d.
The apoproteins of the LHCPII which display reduced mobility on 2 M urea-SDS-polyacrylamide gels at the nonpermissive temperature (Fig. 4A ) regain their usual mobility (see control) after the 7 d recovery period at room temperature (Fig. 7A) (no recovery) displaying the reduced mobility was also included for comparison (Fig. 7A, lane 7) . Since mobility in urea-based gels proved to be an unreliable method for the identification of the LHCPII polypeptides in Euglena, some samples were run on the SDS-polyacrylamide gels from which urea had been omitted (Fig. 7B) . The data presented in this figure shows that the 24,500 Mr polypeptide, which is greatly reduced at the bleaching temperature, reemerges clearly, in at least some cases, during the recovery period at room temperature (lanes 3 to 6).
In Figure 8 , A and B, the immunoblotting technique was used to confirm that the levels of the 24,500 Mr polypeptide of the LHCPII decrease sharply in Euglena cultures exposed to the slightly elevated temperature for 33, 41, 48, and 57 h (lanes 3A, 4A, 2B, and 3B, respectively) relative to the control (lane IA, 1B). When these partially bleached cultures (33 and 41 h) were allowed to recover for 7 d at room temperature, plastids reaccumulate the 24,500 Mr polypeptide (Fig. 8A, lanes 5 and 6) . The less reactive species in the immunoblot (less than 24,000 Mr) also display reduced levels after 33 and 41 h at the slightly elevated temperature and reemerge after a 7 d recovery at room temperature. While partially bleached plastids resume the accumulation of the 24,500 Mr polypeptide of the LHCPII during the recovery period, the accumulation of this polypeptide in plastids prepared from cells which were allowed to recover from a treatment at the bleaching temperature for 48 and 57 h is harder to evaluate on stained gels (Fig. 7B, lanes 6 and 7) . An apparent increase in the accumulation of the 26 Figure 8B the immunoblotting technique was used to confirm the presence of the 24,500 M, polypeptide in plastids prepared from cells that were allowed to recover for 7 d following partial bleaching for 48 and 57 h at 33°C.
As noted earlier, 33 h at the nonpermissive temperature appears to be the minimum amount of time required for the 63,000 and 60,000 M, polypeptides to become a permanent component of the stroma and thylakoids, respectively. This became apparent when cultures of Euglena were grown at 33°C for only 24 h and allowed to recover from the temperature treatment for 2.5, 5, and 7 d (Figs. 9 and 10 ). Treatments at the nonpermissive temperature for 24 h resulted in the accumulation of the 63,000 Mr polypeptide in the stroma (Fig. 9, lane 2) and of a 60,000 Mr polypeptide in thylakoids (Fig. 10, lane 2) . The levels of these polypeptides decrease, however, to very low levels 2.5 d after the onset of the recovery period (Figs. 9 and 10, lane 3) and remain very low for the duration of the recovery (lanes 4 and 5) . The doublet centered at about 45,000 Mr also displays a similar response.
CONCLUSIONS
In view of the changes in chloroplast polypeptide composition that accompany the bleaching process, the study of chloroplasts from temperature-bleached Euglena should provide new insight into the rules that govern the development and maintenance of this vital organelle. Since chloroplast development is the result of the cooperative interplay between the nucleus and the organelle genetic system, it is of great interest to try to understand the nature of this interaction as the transformation of the chloroplast unfolds at the nonpermissive temperature. The accumulation of two sets of novel major polypeptides in thylakoids and a major novel polypeptide in the stroma at 33°C is exciting and raises interesting questions about the identity, function, and relation of these polypeptides to events associated with heat bleaching in Euglena. Furthermore, differences in the stability of the apoproteins of the LHCP during the bleaching process suggest that the stable maintenance of these polypeptides is not 1 Polypeptide composition of the stroma in Euglena treated initially at 33°C for 24 h and allowed to recover at room temperature for increasing periods of time. Euglena cells were grown photoheterotrophically at the nonpermissive temperature for 24 h. Aliquots of these cells were transferred to fresh culture media and allowed to grow at room temperature for 0, 2.5, 5, or 7 d. Cells were harvested, plastids isolated on isoosmotic gradients of Percoll, and subfractionated into stroma, thylakoid and envelopes. The stroma fraction was analyzed on 2 M urea-SDS-polyacrylamide gels. Lane 10 . Polypeptide composition of the thylakoids in Euglena treated initially at 33°C for 24 h and allowed to recover at room temperature for increasing periods of time. Euglena cells were grown photoheterotrophically at the nonpermissive temperature for 24 h. Aliquots of these cells were transferred to fresh culture media and allowed to grow at room temperature for 0, 2.5, 5 or 7 d. Cells were harvested, plastids isolated on isoosmotic gradients of Percoll, and subfractionated into stroma, thylakoids, and envelopes. The thylakoid fraction was analyzed on 2 M urea-SDS-polyacrylamide gels. Lane 1, control at room temperature; lane 2 through 5, treatment at 33°C followed by 0, 2.5, 5, and 7 d of recovery at room temperature, respectively; lane 6, protein standards BSA, ovalbumin, trypsinogen, and lysozyme.
determined by Chl alone but may actually involve other factors as well.
